1. One to five weeks of chronic exposure to hypoxia has been shown to reduce peak blood lactate concentration compared to acute exposure to hypoxia during exercise, the high altitude 'lactate paradox'. However, we hypothesize that a sufficiently long exposure to hypoxia would result in a blood lactate and net lactate release from the active leg to an extent similar to that observed in acute hypoxia, independent of work intensity.
2. Six Danish lowlanders (25-26 years) were studied during graded incremental bicycle exercise under four conditions: at sea level breathing either ambient air (0 m normoxia) or a low-oxygen gas mixture (10 % O 2 in N 2 , 0 m acute hypoxia) and after 9 weeks of acclimatization to 5260 m breathing either ambient air (5260 m chronic hypoxia) or a normoxic gas mixture (47 % O 2 in N 2 , 5260 m acute normoxia). In addition, one-leg knee-extensor exercise was performed during 5260 m chronic hypoxia and 5260 m acute normoxia.
3. During incremental bicycle exercise, the arterial lactate concentrations were similar at submaximal work at 0 m acute hypoxia and 5260 m chronic hypoxia but higher compared to both 0 m normoxia and 5260 m acute normoxia. However, peak lactate concentration was similar under all conditions (10.0 ± 1.3, 10.7 ± 2.0, 10.9 ± 2.3 and 11.0 ± 1.0 mmol l _1 ) at 0 m normoxia, 0 m acute hypoxia, 5260 m chronic hypoxia and 5260 m acute normoxia, respectively. Despite a similar lactate concentration at sub-maximal and maximal workload, the net lactate release from the leg was lower during 0 m acute hypoxia (peak 8.4 ± 1.6 mmol min _1 ) than at 5260 m chronic hypoxia (peak 12.8 ± 2.2 mmol min _1 ). The same was observed for 0 m normoxia (peak 8.9 ± 2.0 mmol min _1 ) compared to 5260 m acute normoxia (peak 12.6 ± 3.6 mmol min _1 ). Exercise after acclimatization with a small muscle mass (one-leg knee-extensor) elicited similar lactate concentrations (peak 4.4 ± 0.2 vs. 3.9 ± 0.3 mmol l _1 ) and net lactate release (peak 16.4 ± 1.8 vs. 14.3 mmol l _1 ) from the active leg at 5260 m chronic hypoxia and 5260 m acute normoxia.
4. In conclusion, in lowlanders acclimatized for 9 weeks to an altitude of 5260 m, the arterial lactate concentration was similar at 0 m acute hypoxia and 5260 m chronic hypoxia. The net lactate release from the active leg was higher at 5260 m chronic hypoxia compared to 0 m acute hypoxia, implying an enhanced lactate utilization with prolonged acclimatization to altitude. The present study clearly shows the absence of a lactate paradox in lowlanders sufficiently acclimatized to altitude.
was a transient phenomenon of acclimatization (Lundby et al. 2000) . Peak lactate concentration at exhaustion was lower after 1 and 4 weeks at altitude than at sea level or acute hypoxia. However, blood lactate accumulation was significantly higher after 4 weeks compared to 1 week of acclimatization, and after more than 6 weeks of acclimatization, peak lactate concentration was similar to those at sea level and during acute hypoxia. Indeed, there are similar findings in the literature when lactate responses have been studied after prolonged exposure to altitude. In people living at sea level, Dempsey et al. (1972) observed the same blood lactate concentration in chronic hypoxia (~45 days) as that during acute hypoxia at both sub-maximal and maximal exercise intensities, and the concentration tended to be higher than that at sea level. Moreover, Grassi et al. (1995) observed that peak lactate concentration was higher during maximal exercise after 5 weeks compared to 1 week of acclimatization at 5050 m. In addition, of their six subjects, two had a higher peak lactate concentration after 5 weeks of acclimatization compared to that at sea level. With this background, we hypothesized that after a prolonged period of acclimatization to altitude, blood lactate accumulation and net lactate release from active muscle are similar to those during acute hypoxia and higher than at sea level during sub-maximal and maximal exercise, in accordance with the proposal that the lactate paradox is a transient phenomenon. A corollary was that blood acid-base balance is, at this phase of acclimatization, comparable to that at sea level at rest and during exercise.
The lactate paradox has only been observed during bicycle and treadmill exercise where a dominant fraction of the muscle mass was engaged in physical activity. In small muscle group exercise, blood lactate concentrations are the same in acute and chronic hypoxia Savard et al. 1995) . Therefore, to examine further whether skeletal muscle maintains its normal capacity to produce lactate at altitude, during exercise engaging a large muscle mass, blood lactate responses during two-leg cycling were compared to those during one-leg knee extension.
METHODS

Subjects
Six healthy, physically active subjects (5 males and 1 female, aged 25-26 years (range, 21-35 years)), born and residing at sea level in the Copenhagen area, participated in the study. The subjects were informed about the possible risks and discomfort involved before giving their written consent to participate. The study was performed according to the Declaration of Helsinki and was approved by the Ethical Committee of the Copenhagen and Frederiksberg Communities, Denmark.
Study periods
Each subject underwent four incremental bicycle exercise tests on a cycle ergometer: two tests in the field laboratory on Mt Chacaltaya, Bolivia (5260 m) after ~9 weeks of acclimatization (breathing ambient air, 5260 m chronic hypoxia, and breathing a normoxic air mixture, 5260 m acute normoxia); and two tests at sea level (breathing ambient air, 0 m normoxia, and breathing a low-oxygen gas mixture, 0 m acute hypoxia), carried out in Copenhagen (~0 m). In addition, each subject underwent two one-leg knee extensor exercise tests at 5260 m after ~9 weeks of acclimatization. The sea level trials were performed 10 months after the subjects returned from Bolivia.
Prior to the sojourn at altitude, it was uncertain whether all subjects could withstand prolonged high altitude exposure in primitive living conditions. In fact, not all subjects who left for Bolivia were studied. In order to minimize the number of invasive procedures, yet ensure that all measurements obtained in such cases were used, the decision was made to perform sea level experiments after de-acclimatization, normalization of physiological responses and return to daily life at sea level. Therefore, sea level trials were performed in the same month, but a year after the subjects departed for Bolivia. Physical activity level, body weight, haemoglobin and haematocrit were similarly compared to sea level values before the altitude studies. Thus, peak power output (345 ± 23 vs. 339 ± 15 W), maximal oxygen uptake (4.5 ± 0.6 vs. 4.3 ± 0.3 l min _1 ) and forearm venous lactate concentration (8.3 ± 0.5 vs. 7.9 ± 0.3 mmol l _1 ) were similar during the incremental bicycle exercise before compared to 10 months after the altitude studies. In addition, maximal oxygen uptake in acute hypoxia was 2.8 l min _1 before and 2.7 l min _1 after the altitude studies, showing that there was no effect of the acclimatization period on either normoxic or hypoxic conditions. Moreover, as the number of invasive procedures was limited to three per subject, we did not perform additional altitude studies.
Acclimatization
Upon arrival in Bolivia, the subjects spent ~5 days in La Paz (~3700 m). Subsequently, they moved to the laboratory at Chacaltaya (5260 m) for 1 day and returned to La Paz for the night, followed bỹ 2 days at a base camp (4700 m) before climbing Mt Potosi (6088 m). The subjects then moved to Chacaltaya and, except for a 4 day climb of Mt Illimani (6462 m), they resided there (5260 m) until week 9 when the studies were performed. All subjects were given oral iron supplementation during the first 5-6 weeks following arrival in La Paz.
Bicycle exercise
Each subject underwent four incremental bicycle exercise tests on a cycle ergometer, two at 5260 m after ~9 weeks of acclimatization (5260 m chronic hypoxia and 5260 m acute normoxia) and two at sea level (0 m normoxia and 0 m acute hypoxia). The bicycle exercise tests were performed on a mechanically braked cycle ergometer (Monark 818, Varberg, Sweden). On the study days (beginning at 08.00 h) catheters were placed in a femoral artery and femoral vein under local anaesthesia (lidocaine (lignocaine), 20 mg ml _1 ) for blood sampling. The tip of the arterial catheter (20 gauge, Ohmeda, UK) was advanced to 6 cm proximal to the inguinal ligament using the Seldinger technique. The venous catheter was a radiopack Teflon catheter with side holes (Cook, Denmark). A thermistor was inserted through the end hole of the venous catheter for blood flow measurements by the constant infusion thermodilution technique (Andersen et al. 1985) . After placement of the catheters, the subjects remained supine for at least 30 min before sitting on the cycle ergometer. The two tests at altitude or at sea level were performed on the same day separated by at least 1 h, or when the arterial lactate concentration had dropped below 1 mmol l _1 . At altitude, the first exercise bout was performed by breathing either ambient air (5260 m chronic hypoxia) or a high-oxygen gas mixture (47 % O 2 in N 2 , 5260 m acute normoxia). At sea level, the exercise bout was performed by breathing either ambient air (0 m normoxia) or a low-oxygen gas mixture (10 % O 2 in N 2 , 0 m acute hypoxia). The exercise started at a workload of 80 W for 2.5 min followed every 2.5 min with an increase in workload of 80 W. The workload increments were slightly different towards exhaustion for the individual subjects in order to complete at least three work intensities in all four conditions. The exercise duration ranged from approximately 7 min during 0 m acute hypoxia and 5260 m chronic hypoxia to 12 min during 0 m normoxia and 5260 m acute normoxia. During 0 m acute hypoxia and 5260 m acute normoxia, baseline measurements were obtained after subjects breathed the respective gas mixtures for 5 min from a Douglas bag. Subjects then began to exercise, during which oxygen uptake was measured continuously. Femoral venous blood flow was measured just before the blood samples were taken at the end of each workload (increment of 80 W each 2.5 min), and at the moment of exhaustion. Arterial and femoral venous blood samples were drawn anaerobically prior to the start of exercise and at the end of each workload and placed on ice. The blood samples were analysed within 15 min for plasma lactate (EML105, Radiometer, Copenhagen, Denmark). Haematocrit, haemoglobin and oxygen saturation (OSM3 hemoxymeter, Radiometer), and blood pH, O 2 and CO 2 tension (ABL5, Radiometer) were also measured. The remaining blood was centrifuged and the plasma stored at _50°C.
One-leg knee-extensor exercise
Each subject underwent two graded incremental one-leg kneeextensor exercise tests at 5260 m after ~9 weeks of acclimatization. The two tests were performed on the same day with at least 1 h between the exercise tests or when the arterial lactate concentration had dropped below 1.0 mmol l _1 . Placement of catheters and procedures were as described for the bicycle exercise. The one-leg knee-extensor exercise was performed while breathing ambient air (5260 m chronic hypoxia) or 47 % O 2 in N 2 (5260 m acute normoxia) in random order. The exercise began at 20 W for 2.5 min followed each 2.5 min with an increase in workload of 20 W until exhaustion. Baseline measurements in the 5260 m acute normoxia test were obtained after breathing the 47 % O 2 in N 2 from a Douglas bag for 5 min. Femoral venous blood flow was measured just before the blood samples were taken. Arterial and femoral venous blood samples were drawn anaerobically prior to the start of exercise and at the end of each workload.
Calculations
The measured pH, P O 2 and P CO 2 were corrected for temperature using the blood temperature as measured in the femoral vein. Plasma bicarbonate was calculated according to Siggaard-Andersen (1977) and blood base deficit was calculated based on the Van Slyke equation of Siggaard-Andersen (1977) and corrected for hypercarbia and oxygen desaturation according to Schlichtig (1997) .
Statistical analysis
All data are expressed as means ± S.E.M. for n = 6 subjects. The nonparametric Wilcoxon-signed rank test was applied to determine differences between data obtained at each time point for the four conditions. Statistical significance was set at P < 0.05.
RESULTS
Body mass, haemoglobin, and cycle ergometry (Table 1) Body mass of the subjects at sea level was 74 ± 3 kg before acclimatization and 76 ± 3 kg 10 months after acclimatization when the sea level trials were carried out. All subjects lost body mass (7.3 ± 1.0 kg) during their stay of ~9 weeks at 5260 m despite an adequate food supply. Haemoglobin concentration increased from 14.2 ± 0.4 g dl _1 at sea level to 18.9 ± 0.3 g dl _1 after 9 weeks at 5260 m with a corresponding increase in haematocrit. No significant differences in absolute maximal oxygen uptake (V O 2 ,max ) and power output (W max ) could be observed during exercise at 5260 m chronic hypoxia and 0 m acute hypoxia. Thus, adjusted for body mass both variables were higher at 5260 m chronic hypoxia.
Arterial lactate concentration and net leg lactate release ( Fig. 1 ) During incremental bicycle exercise, arterial blood lactate concentrations at each workload were similar during exercise at 5260 m chronic hypoxia and 0 m acute hypoxia, and, at the same workloads, were greater than those during exercise at 0 m normoxia and 5260 m acute normoxia (Fig. 1A) . At exhaustion, peak arterial lactate concentrations were similar for all conditions. Despite this, net leg lactate release at 5260 m chronic hypoxia was higher during both sub-maximal and maximal work than it was at 0 m acute hypoxia. In addition, in the 5260 m acute normoxic condition, net leg lactate release was higher Values are means ± S.E.M. of six subjects. * Significant difference between 5260 m chronic hypoxia vs. 104 ± 4 98 ± 3 48 ± 4 § 30 ± 1 § 52 ± 2 § 50 ± 5 * § 150 ± 3 *# 148 ± 8 *# P v,O 2 (mmHg) 35 ± 13 11 ± 2 23 ± 2 7 ± 1 § 28 ± 3 10 ± 2 34 ± 7 19 ± 2 # S a,O 2 (%) 98 ± 0.1 96 ± 0.3 89 ± 3 § 62 ± 2 § 87 ± 1 § 71 ± 3 * § 98 ± 0 # 97 ± 0 # S v,O 2 (%) 48 ± 5 7 ± 1 47 ± 5 4 ± 1 § 45 ± 7 5 ± 2 43 ± 3 10 ± 2 # Blood flow (l min _1 ) 0.5 ± 0.1 9.4 ± 1 0.6 ± 0.1 8.3 ± 1.3 0.6 ± 0.1 7.5 ± 0.3 0.6 ± 0.1 8. for sub-maximal work than it was at 0 m normoxia except towards peak work. Peak net lactate release from the exercising leg was approximately 13 mmol min _1 after acclimatization to hypoxia compared to about 9 mmol min _1 at sea level. Thus, after ~9 weeks of acclimatization to 5260 m, peak arterial lactate concentration was similar to that at sea level, but net lactate release from the exercising leg was higher irrespective of oxygen tension.
No lactate paradox after prolonged acclimatization
During the incremental one-leg exercise, maximal work of the knee-extensor muscles was similar during exercise at 5260 m chronic hypoxia and 5260 m acute normoxia (Fig. 1B) . Also, arterial lactate concentrations and net lactate release from the active leg were similar during exercise at 5260 m chronic hypoxia and 5260 m acute normoxia. Net leg lactate release at the moment of exhaustion was 14.5-16.5 mmol min _1 , which implies that the small active muscle mass involved in kneeextensor exercise (2.6 ± 0.4 kg) elicited a peak net lactate release higher than that with cycle exercise, where a far larger muscle mass is involved in the exercise (~7 kg). Thus peak net lactate release was ~6 mmol min _1 (kg muscle)
_1 during one-leg knee-extensor exercise and 2 mmol min _1 (kg muscle) _1 in the bicycle exercise, a 3-fold difference.
Arterial catecholamine concentration (Fig. 2) At the moment of exhaustion from incremental bicycle exercise, noradrenaline and adrenaline levels were similar at 0 m normoxia and 0 m acute hypoxia, while the corresponding values for both 5260 m chronic hypoxia and 5260 m acute normoxia were nearly 2-fold greater. With one-leg knee-extensor exercise, peak catecholamine values, although substantially lower compared to incremental bicycle exercise, were similar during exercise at 5260 m chronic hypoxia and 5260 m acute normoxia. 39 ± 7 18 ± 3 52 ± 7 # 28 ± 3 # Blood flow (l min _1 ) 0.6 ± 0.1 5.6 ± 0.4 0.4 ± 0.1 4.9 ± 0.2 Leg oxygen uptake (ml min _1 ) 63 ± 20 928 ± 50 42 ± 10 885 ± 50
Values are means ± S.E.M. of six subjects. # Significant difference between 5260 m acute normoxia and 5260 m chronic hypoxia. For explanation see Table 2 legend.
Acid-base balance (Tables 2 and 3, and Figs 3-6)
At sea level under resting conditions, 5 min of breathing a low-oxygen mixture (0 m acute hypoxia) caused an increase in blood pH due to respiratory alkalosis (Fig. 3 ).
After 9 weeks of acclimatization to altitude, blood pH was still elevated, averaging 7.47 compared to 7.43 at sea level (0 m normoxia). Breathing a high-oxygen air mixture for 5 min after acclimatization (5260 m acute normoxia) caused a lowering of blood pH to sea level values (0 m normoxia). At exhaustion during incremental bicycle exercise, blood pH was substantially higher at 0 m acute hypoxia and 5260 m chronic hypoxia compared to 0 m normoxia and 5260 m acute normoxia. However, the drop in arterial pH from rest to exhaustion was ~0.15 units in all four conditions.
G. van Hall and others
At rest, plasma bicarbonate concentration (HCO 3 _ ) was substantially lower at 5260 m chronic hypoxia (~16 mmol l _1 ) compared to 0 m normoxia (~26 mmol l _1 ) and 0 m acute hypoxia (~23 mmol _1 ; Fig. 4 ). Although the HCO 3 _ concentration was lower at the moment of exhaustion after acclimatization (5260 m chronic hypoxia) compared to that at 0 m normoxia and 5260 m acute normoxia, the drop in bicarbonate concentration from rest to exercise was substantially smaller. The HCO 3 _ concentration is a reflection of pH and P CO 2 , which are substantially different under hypoxic and normoxic conditions. Thus the arterial HCO 3 _ concentration does not necessarily reflect blood buffer capacity. The net leg HCO 3 _ release was linear with exercise intensity for both bicycle exercise and one-leg knee-extensor exercise. No differences could be observed between hypoxic and normoxic conditions. The leg CO 2 transported as free CO 2 increased with work from about 5 % to 10 % while HCO 3 _ decreased correspondingly from 95 % to 90 %. No differences between conditions were observed.
The calculated base deficit (BD) was corrected for both hypercarbia and oxygen desaturation (adjusted for changes in buffering due to differences in haemoglobin). BD is the change in strong base needed to restore pH to 7.4. Thus, the difference between the femoral arterial and venous BD multiplied by blood flow represents the net amount of protons released by the leg (Fig. 5) . This product had a similar pattern to the net lactate release, as shown in Fig. 1 , although no significant differences could be observed between 0 m acute hypoxia and 5260 m chronic hypoxia as was the case for the net lactate release. The difference between net proton release and net lactate release from the active leg represents non-lactate-related proton release. During bicycle exercise, net proton release was always higher than net lactate release but the slope of the relationship between these parameters was 1.0 (Fig. 6) . No differences were observed between conditions. During one-leg knee-extensor exercise, net proton release was similar to net lactate release up to 40 W, followed by a lower net proton release than lactate release, with a slope < 1.
DISCUSSION
The main finding of the present study was that there was no lactate paradox, as similar blood lactate concentrations were observed at the moment of exhaustion with 5260 m chronic hypoxia and 0 m acute hypoxia. At both submaximal and maximal exercise, net lactate release by the active skeletal muscle was somewhat higher after 9 weeks of chronic exposure to hypoxia (5260 m) compared to 0 m acute hypoxia. This was also the case when the comparison was made between 5260 m acute normoxia and 0 m normoxia. Similar differences were observed for the net proton release from the active leg. In spite of the elevated net lactate release, arterial blood lactate concentrations were not higher, indicating a larger lactate usage by the rest of the body other than the active muscle. In other altitude studies in which the lactate paradox has been reported (West et al. 1983; Kayser et al. 1993; Biedleman et al. 1997 ), a loss of muscle mass has been implied as a potential contributing factor. However, the findings in this study argue against such a rationale, since not only was leg net lactate release higher during acute hypoxia, but it was also, when loss of muscle mass was accounted for, even greater per unit muscle mass.
In the field study of Lundby et al. (2000) it was suggested that the lactate paradox is transient in the course of acclimatization. They showed that after 4 weeks of acclimatization the peak lactate concentration in blood was higher compared to that after 1 week of acclimatization to 5400 m. Indeed, after 6 weeks of acclimatization, peak lactate concentration was similar compared to acute hypoxic and sea level concentrations. The results of the present study support the observation of Lundby et al. (2000) , since after 9 weeks of acclimatization (5260 m chronic hypoxia) arterial lactate concentration was similar to that for 0 m acute hypoxia at sub-maximal and maximal work. In addition, net lactate release from the exercising leg was higher after acclimatization to 5260 m chronic hypoxia compared to 0 m acute hypoxia. Moreover, all subjects lost body weight and magnetic resonance imaging revealed that the leg lean body area was reduced by an average of ~9 %, whereas the fat area was unchanged (Zacho & Nowak, 2000) . Thus, blood peak arterial concentration, when expressed per kilogram of body mass, would be somewhat higher during exercise at 5260 m chronic hypoxia compared to 0 m acute hypoxia and the higher leg net lactate release at 5260 m chronic hypoxia would be even more pronounced if expressed per kilogram of leg muscle. The subjects were rather active, and, in addition to daily outdoor activity including trekking, they participated in two climbs to peaks above 6000 m. Moreover, the food supply was ample throughout the time of acclimatization. Despite high physical activity and sufficient food supply, a substantial body mass and muscle loss was observed.
A difference between the present study together with that of Lundby et al. (2000) and the studies in which a reduced peak lactate concentration with acclimatization to severe hypoxia was observed is the duration of acclimatization; ~7-9 weeks compared to ~2-3 weeks (Dill et al. 1967; Hansen et al. 1967; Bender et al. 1989; Brooks et al. 1992 Brooks et al. , 1998 Young et al. 1992; Beidleman et al. 1997) . However, studies more comparable to the present one are those of Dempsey et al. (1972) and Grassi et al. (1995 Grassi et al. ( , 1996 . The latter group compared short supra- maximal (Grassi et al. 1995) and incremental (Grassi et al. 1996) cycle exercise at sea level and after 1 and 5 weeks of acclimatization to 5050 m. Peak lactate concentration with supra-maximal exercise was slightly higher at sea level compared to altitude. However, peak lactate was significantly higher after 5 weeks compared to 1 week of acclimatization. During the longer-lasting incremental bicycle exercise, lactate concentration was higher for a given workload after both 1 and 5 weeks of acclimatization compared to that at sea level, although peak lactate concentration was slightly reduced at altitude. co-workers (1995, 1996) speculated that the reduced peak lactate concentration at altitude that they observed could, in part, be related to the exercise protocol. During short supra-maximal exercise the factor(s) responsible for the reduction in peak lactate are partially or completely offset by acclimatization, whereas this appeared not to be the case for exercise of longer duration. In the present study, the exercise time to exhaustion at altitude (5260 m chronic hypoxia) was about 7 min, which should be long enough for the presumed reduction in peak lactate to be observed. Furthermore, in an additional experiment with 20 min of exercise at moderate intensity the arterial lactate concentration was 4-fold and the leg net lactate release 6-fold higher at 5260 m chronic hypoxia compared to sea level (G. van Hall, J. A. L. Calbet, H. Søndergaard & B. Saltin, unpublished data). This not only underscores the absence of a lactate paradox in our subjects but also emphasizes the fact that duration and/or intensity increments do not obscure our findings that a lactate paradox does not exist after 9 weeks of acclimatization. Indeed, the present study together with the studies of Dempsey et al. (1972) , Grassi et al. (1995 Grassi et al. ( , 1996 and Lundby et al. (2000) suggest that with a long period of acclimatization (5 weeks or more) blood lactate accumulation during exercise is no longer attenuated.
A striking observation was that leg net lactate release was substantially higher during exercise at sub-maximal and maximal work at 5260 m chronic hypoxia compared to 0 m acute hypoxia despite similar blood lactate concentrations. In addition, leg net lactate release during exercise was higher at 5260 m acute normoxia compared to 0 m normoxia. This implies that after prolonged acclimatization to hypoxia, blood lactate utilization was enhanced during exercise by liver, heart, and skeletal muscle other than the active leg muscles. Although speculative, skeletal muscles other than the active leg muscles could be the main tissue exhibiting the enhanced lactate utilization as it has the ability to increase its lactate usage severalfold at low activity levels (Richter et al. 1988; Brooks et al. 1992) . Furthermore, we have data showing that during 20 min of moderate intensity exercise at 5260 m chronic hypoxia, lactate utilization by skeletal muscle is higher than during exercise at sea level (G. van Hall, J. A. L. Calbet, H. Søndergaard & B. Saltin, unpublished data). Our findings on the blood lactate concentration during exercise with a small muscle mass confirm those of others (Raynaud et al. 1986 (Raynaud et al. , 1988 Kayser et al. 1995; Savard et al. 1995) , and provide additional details on leg net lactate release. During incremental one-leg knee-extensor exercise at 5260 m chronic hypoxia, the leg net lactate release was 3-fold higher at maximal work compared to bicycle exercise. A similar blood lactate concentration and leg net lactate release were observed during one-leg knee-extensor exercise at 5260 m chronic hypoxia and 5260 m acute normoxia. This implies that the ability of skeletal muscle to produce lactate is not impaired in chronic hypoxia, and that when muscle oxygenation can be maintained as during small muscle mass exercise, lactate release from active muscle increases with workload and is less affected by oxygen tension and saturation.
In earlier studies of chronic hypoxia, a lowering of noradrenaline and adrenaline levels was observed during exercise. Furthermore, it was suggested that, in particular, the adrenaline levels in the blood were important for the acceleration of glycolysis and pyruvate production above what would be decarboxylated and used in the mitochondria (Brooks et al. 1992) . In the present kneeextensor exercise study, adrenaline levels at the moment of exhaustion were far lower compared to those with bicycle exercise yet it is with this type of exercise that the highest rate of lactate production is observed. This pattern argues against the concept that muscle lactate production is tightly regulated by plasma adrenaline. In addition, effective b-adrenergic blockade did not prevent the reduction in blood lactate after 3 weeks of acclimatization and, therefore, it was suggested that the b-adrenergic pathways are not responsible for the lactate paradox (Mazzeo et al. 1994 ). Hochachka and co-workers (Hochachka et al. 1986 (Hochachka et al. , 1992 have proposed that the rate of glycolysis is downregulated in chronic hypoxia to better match muscle mitochondrial respiratory capacity, i.e. there is a tighter coupling to oxidative phosphorylation. Earlier it was believed that the mitochondrial capacity became elevated as part of the acclimatization process. On this latter point, there is now a consensus that it does not occur. Mitochondrial volume density has even been reported to be decreased with acclimatization to severe hypoxia Hoppeler et al. 1990) . Andean natives are not superior in this respect. In fact their mitochondrial volume density and oxidative enzyme activity are lower than in sea level residents if they are sedentary (Saltin & Gollnick, 1983; Kayser et al. 1991; Desplanches et al. 1996) . The key factor in the regulation of glycolysis is the redox state of the active muscle. Very little is known about it, as direct measurements cannot be performed. When interpreting the indirect data available in the literature it is not apparent whether there are any changes in skeletal muscle ATP, ADP, AMP, creatine phosphate and inorganic phosphate levels at a given workload at sea level or at altitude that would cause less activation of phosphofructokinase following acclimatization (Green et al. 1989 (Green et al. , 2000 . It has been suggested that anaerobic glycolysis is depressed after acclimatization due to a reduced ability to activate the contractile apparatus (Green et al. 1989) . In a recent study, muscle biopsies were taken before and after 3-4 days upon return to sea level following a 3 week expedition to Mt Denali (6194 m) (Green et al. 2000) . No differences were observed in ATP, ADP and AMP levels but creatine phosphate fell less with exercise, and IMP and lactate levels were attenuated after acclimatization. They concluded that 3 weeks of acclimatization resulted in an improved energy state in contracting muscle under normoxic conditions; however, this was not related to a higher oxidative potential or lower glycolytic potential.
At rest a small BD release, i.e. a net proton release across the leg, was observed under all conditions. With incremental bicycle exercise, the net leg proton release showed a similar pattern to net lactate release; no significant differences in net proton release were found between 0 m acute hypoxia and 5260 m chronic hypoxia. However, the net proton release calculated via BD, being independent of lactate measurements, support the absence of the lactate paradox after ~9 weeks acclimatization. During incremental bicycle exercise, the net proton release was higher for each exercise work increment at 0 m normoxia and 0 m acute hypoxia. At lower workloads this was also the case with 5260 m chronic hypoxia and 5260 m acute normoxia. However, at the moment of exhaustion with the bicycle exercise at 5260 m chronic hypoxia and the last two increments during bicycle exercise at 5260 m acute normoxia, no difference between net lactate and proton release could be observed. With one-leg knee-extensor exercise a similar pattern for 5260 m chronic hypoxia and 5260 m acute normoxia was seen but shifted towards lower net proton release. At the two lowest workloads, net lactate and proton release were similar; however, at the two highest workloads net lactate release was found to be higher than net proton release. The tendency for a tighter relationship between lactate and proton release from active skeletal muscle after acclimatization compared to that at sea level may be caused by several changes in the course of acclimatization. It has been suggested that the decrease in lactate accumulation might be explained by the reduced alkali (bicarbonate) reserve at high altitude (Edwards, 1936; Cerretelli, 1967; West, 1986) . However, Kayser et al. (1993) did not observe an increase in peak blood lactate concentration with bicarbonate ingestion in lowlanders acclimatized for 4 weeks, despite a lower blood and intramuscular pH. This suggests that changes in buffer capacity are unlikely to play a major role in the reduced maximal lactate concentration and the gradual return to 'normal' concentrations with time of acclimatization. However, muscle acid-base balance regulation is poorly understood. For ingested or intravenously administered HCO 3 _ to be effective in muscle pH regulation, HCO 3 _ has to enter the muscle cell and after conversion to CO 2 leave the cell in the form of dissolved CO 2 . Skeletal muscle has two known methods of HCO 3 _ transport, Na + -dependent HCO 3 _ cotransport and HCO 3 _ -Cl _ exchange. In cardiac myocytes it is well established that Na + -HCO 3 _ cotransport mediates proton-equivalent efflux whereas Cl _ -HCO 3 _ exchange mediates proton-equivalent influx (Leem et al. 1999) . Thus, bicarbonate influx may play a more important role than the muscle HCO 3 _ pool in muscle pH regulation during exercise. However, during exercise, intracellular buffering via creatine phosphate breakdown and proteins seems to be more important. During exercise, intracellular pH is governed by the balance of proton production, intracellular buffering, HCO 3 _ uptake via sarcolemmal Na + -HCO 3 _ cotransport, sarcolemmal acid efflux via Na + -H + exchange, and lactate-H + cotransport (Fig. 7) . This also implies that during high rates of glycolysis, i.e. proton production, proton efflux via Na + -H + exchange and lactate-H + cotransport become extremely important. Lactate-H + cotransport in skeletal muscle is governed via H + -linked monocarboxylate transporters 1 and 4 (MCT-1 and MCT-4; Juel, 1997) . Moreover, since MCT-1 and -4 are also present in intracellular membrane structures, they may also play a key role in maintaining proton homeostasis in different intracellular compartments (Bonen, 2000; Duboucaud et al. 2000) . Training has been shown to increase MCT-1 and MCT-4 content and improve the ability to release lactate and protons from muscle during contraction in rat (Baker et al. 1998 ) and humans (Pilegaard et al. 1999) . If during exercise proton efflux from the myocytes is important to maintain intracellular pH within limits, then protons may accumulate in the interstitial space. Thus buffering might be more important in the interstitial space in order to keep the proton concentration low and to maintain a gradient for lactate-H + cotransport. Inhibition of extracellular carbonic anhydrase during high intensity exercise has been shown to decrease blood lactate concentration (Kowalchuk et al. 1992) . The interstitial buffer capacity seems to be rather limited compared to the blood buffer capacity, and thus high rates of perfusion of skeletal muscle may also play a role in keeping the intramuscular pH balance. The early decrease in peak lactate concentration at altitude might indeed be a result of insufficient proton buffer capacity or transport of protons out of the cell. The gradual return to 'normal' maximal lactate concentration with time of acclimatization may be caused by up regulation of the Na + -H + and lactate-H + systems and modulation of carbonic anhydrase. Changes in transport systems and enzymes imply that new proteins have to be synthesized. Muscle protein synthesis rates are slow for contractile (~1.3 % day _1 ), mitochondrial (~1.9 % day _1 ) and sarcoplasmic (3.8 % day _1 ) proteins (Welle, 1999) at sea level and potentially even lower under hypoxic conditions (Hochachka et al. 1996) . Therefore, adaptation at the protein level can be expected to proceed slowly. Therefore, an extended period of acclimatization to altitude might be needed for adaptive changes to occur in transporters and enzymes to reestablish sea level homeostasis.
That major changes to protein levels occur with prolonged exposure to hypoxia is best shown by morphological changes that have been reported to occur in fibre size and capillarization (Saltin & Gollnick, 1983; Hoppeler et al. 1990; Kayser et al. 1991) .
The changes in fibre size and capillarization with prolonged exposure to hypoxia may also suggest that the absence of the lactate paradox phenomenon in the present study was due to better cardiovascular adaptations leading to improved oxygen transport and perfusion of skeletal muscle. In this respect, adaptation at the muscle microcirculatory level may be crucial. With chronic exposure to hypoxia, muscle capillary density is elevated. This is caused not by capillary proliferation but because skeletal muscle fibre cross-sectional area becomes reduced (Saltin & Gollnick, 1983; Hoppeler et al. 1990 ). This adaptation may be viewed in the light of a crucial role of diffusion distance in skeletal muscle. In this respect, loss of muscle mass with acclimatization may be a functional adaptation to enhance oxygen delivery by reducing diffusion distance from the capillary to the centre of the fibre.
A final point is that oxygen availability in the active muscles may be a decisive factor not only for the respiratory rate of muscle mitochondria but also for normal activation of glycogenolysis. In small muscle group exercise, oxygen delivery is never compromised at severe altitude and this also relates to lactate production. When a larger fraction of the muscle mass is engaged in the exercise, oxygen delivery is severely hampered in the early phases of acclimatization and so is lactate metabolism. With the gradual elevation in haemoglobin, arterial oxygen delivery is substantially improved, which coincides with the disappearance of the lactate paradox. Thus, we propose that the transient nature of the lactate paradox is a result of temporary, severe disturbance in muscle acid-base balance and mitochondrial oxygen availability. ANDERSEN, P., ADAMS, R. P., SJØGAARD, G., THORBOE, A. & SALTIN, B. (1985) . Dynamic knee extension as a model for study of isolated exercising muscle in humans. 
